Drosophila melanogaster originated in Africa, spread to Europe and Asia, and is believed to have colonized the New World in the past few hundred years. Levels of genetic variation are typically reduced in New World populations, consistent with a founder event following range expansion out of Africa and the Old World. We describe the patterns of mtDNA length variation within and among several populations of Drosophila melanogaster from the Old and New World. MtDNA length variation is due to insertion and deletion of tandem repeats in the control region (D-loop) of D. melanogaster mitochondrial genome. The distinct mutational dynamics of this system provide an opportunity to compare the patterns of variation in this marker to those of other markers with different mutational pressures and linkage relationships. The data show significantly more length variation in African and Asian samples than in New World samples. New World samples also show more pronounced skew of the length distribution. Our results are distinct from an earlier study that showed significantly higher levels of length variation and heteroplasmy. The level of heteroplasmy is highly correlated with the number of years that samples have been maintained in laboratory culture, suggesting that relaxed selection in small populations permits the accumulation of mtDNA length variation and heteroplasmy. Together, the data indicate that mtDNA length variants retain a signature of founder events and selection, and suggest that further investigation into the mutation-selection dynamics of the D-loop region of mtDNA would provide a distinct and informative marker for analysis of the recent history of populations.
Introduction
An extensive literature exists on the patterns of genetic variation within and among populations of Drosophila melanogaster. Like Homo sapiens, D. melanogaster has a molecular signature of population expansion from Africa (Hale and Singh, 1991; Aquadro et al, 2001) . Population samples from Africa show abundant genetic variation, while samples from non-African populations carry a subset of that variation (Begun and Aquadro, 1995b; Moriyama and Powell, 1996) . Datasets on mitochondrial DNA (mtDNA) restriction site variation (Hale and Singh, 1991) and sequence polymorphism (Rand et al, 1994) are consistent with an African origin for D. melanogaster. Comparisons between X-linked and autosomal loci reveal conflicting patterns of variation in African vs non-African populations, suggesting that both founder events and selection have shaped patterns of polymorphism in non-African populations observed on the X (Begun and Aquadro, 1995a; Moriyama and Powell, 1996; Andolfatto, 2001; Caracristi and Schlotterer, 2003) . Clearly, the most effective means of understanding population structure is to compare patterns of genetic variation with multiple genetic markers. A more complete picture is obtained when markers with different evolutionary dynamics can be contrasted.
Mitochondrial genome size variation has not been widely used as a marker for population structure due to its peculiar mutational dynamics. Mitochondrial genome size in D. melanogaster varies within populations almost exclusively by changes in the length of the control region (Solignac et al, 1986) , which is believed to contain the origin of transcription and translation. The control region is characterized by variable numbers of tandem repeats (Solignac et al, 1986; Lewis et al, 1994) . Large-scale slipped-strand mispairing during replication is a likely model to account for the high rate of insertion and deletion in this region (Buroker et al, 1990; Hayasaka et al, 1991) . Tandem repeats in the control region (D-loop) of animal mtDNAs are commonly associated with heteroplasmy for length variants (Rand, 1993; Lunt et al, 1998) . Because drift among germ cell lineages should act to remove heteroplasmic variation, high levels of heteroplasmy in D-loop regions imply a high mutation rate for insertion and deletion (indel) of repeats. Estimates of this indel rate are rather indirect and may vary widely across species, but appear to be higher than mutation rates for microsatellites (Schug et al, 1997; Rubinsztein et al, 1999) . For this reason, quantification of the population structure of mtDNA length variation should provide focused information on recent population history compared to other types of molecular polymorphisms. Hale and Singh (1986) demonstrated that there is mtDNA length variation and heteroplasmy in a worldwide sample of D. melanogaster, but did not attribute a larger component of the variation to any geographic region. In order to assess how mtDNA length variation is distributed among populations, we assayed isofemale lines from populations in the New World and the Old World for the length variation in the control region of mtDNA. The results show that heteroplasmy is significantly less frequent than in the earlier study, and North American samples do show reduced diversity for length variation. These data are discussed in light of the distinct mutational dynamics of this molecular marker system and shed light on the balance of mutation and drift in structuring D. melanogaster populations.
Materials and methods

Fly stocks
The collection origin, number of isofemale lines, and time held in lab for each line studied are listed in the legend to Figure 3 . Lines from Zimbabwe, China, Australia, and California were kindly provided by Dr Chip Aquadro. Connecticut fly lines were collected in 1988 by Dr Phil Barnes. Lines from Massachusetts and North Carolina were collected by the authors from the Four Town Farm fruit and vegetable stand in Seekonk, MA, and a farmer's market in Fayetteville, NC, respectively. Flies were caught overnight in a bottle traps containing banana slices, with an inverted paper cone preventing egress. All fly lines analyzed for mtDNA were descended from a single wild-caught female one generation from the wild.
DNA analysis
MtDNA size estimates were made by Southern blot analysis following standard protocols (Sambrook et al, 1989) . Genomic DNA was isolated from samples of F1 offspring of individual females from each line. Total DNA was digested with HaeIII, electrophoresed in 0.8% agarose gels and transferred to nitrocellulose membranes. These membranes were probed with the 4.8 kb HindIII fragment of D. melanogaster lying adjacent to the A þT rich control regions (Solignac et al, 1986) . This probe fragment was isolated by digesting a plasmid clone containing the fragment, electrophoresing the DNA on low-melting agarose, and excising the mtDNA band from the gel (Sambrook et al, 1989) . This DNA (B20 ng) was then labeled with d-AT 32 P using the PrimeIt II random priming kit from Stratagene (La Jolla, CA, USA). The probe hybridizes to unique-sequence DNA in the length-variable HaeIII fragment and to the constantsized 6.2 kb band in all flies (see Figure 1) . The constantsized fragment could be used to detect and account for differences in lane mobility due to variation in blotting or electrophoresis conditions (cf. Figure 1 , lane 106). Washed membranes were exposed to Fuji X-Ray film with two intensifying L-Plus screens. Two exposures were obtained for each gel in most experiments.
MtDNA length heteroplasmy was detected in some samples. The proportions of the two different-sized mtDNAs was estimated from densitometry of autoradiographs using an imaging densitometer (Model GS-670, Bio-Rad) interfaced with a Macintosh computer. Relative frequencies of the two length variants were estimated from the relative band areas on the scanned image as described in Kann et al (1998) . The averages of the values from the replicate autoradiographs were used as the estimates of the frequencies of mtDNA length variants within a single fly (ie, a fly's heteroplasmic 'genotype').
Results
Length variation in different populations
MtDNA length variation was determined for 194 isofemale lines of D. melanogaster from seven populations (Australia, Beijing, Zimbabwe, California, Connecticut, Massachusetts, and North Carolina). The frequency distributions of length variation for these populations are shown in Figure 2 . The distributions can be characterized by a common 'normal' sized mitochondrial genome length of 18.6 kb, and a scattering of larger genomes. If the samples are binned into 'normal' (o19 kb) vs larger mtDNA size classes (419 kb), the Old World samples have more of the larger genome sizes than do the more homogeneous New World samples (Fisher's exact test, Po0.0001). The colonization history described by Davíd and Capy (1988) places Australia as New World; a Fisher's exact test remains significant when Australia or Beijing or both are excluded from the 'Old World'. These results are consistent with an African origin to D. melanogaster and subsequent spread across the globe, especially encompassing a founder event during its transit to the Americas. This is evident in the greater frequency skew in the New World samples, relative to Zimbabwe and Beijing (see Figure 2 ). When the diversity for mtDNA length is tabulated as
, where x i is the frequency of the ith length variant, it is clear that the New World samples have lower diversity, as does the pooled sample from the current study, relative to the early study by Hale and Singh (1991) (see Table 1 ). Again, this is consistent with a loss of variation in the New World samples. Table 1 shows the frequencies of large mtDNA and the incidence of heteroplasmy in the populations we have sampled. Also listed in Table 1 are comparable data from an earlier study by Hale and Singh (1991) , where 144 isofemale lines of D. melanogaster were assayed for mtDNA length variation and heteroplasmy. The current study shows significantly fewer long mtDNAs and significantly lower incidence of heteroplasmy than the Hale and Singh (1991) study. As expected, the localities with the largest sample size show the only incidence of heteroplasmy (Connecticut n ¼ 31, and Massachusetts n ¼ 100).
The Hale and Singh data are a heterogeneous collection of relatively small samples (n ¼ 5-12) from 18 different localities around the world. The higher incidence of heteroplasmy in these samples is not due to a specific locality showing very common heteroplasmy; rather it appears at moderate levels in many samples. Hale and Singh (1991) confirmed that heteroplasmy was intra-individual, and not due to heterogeneity among flies within a female line. One notable difference between the Hale and Singh (1991) samples and those from our study is the length of time the flies had been in culture. A number of the Hale and Singh (1991) lines had been in the laboratory for as long as 9 years before analysis. The oldest lines we studied were collected about 5 years prior to analysis, and the Massachusetts and North Carolina samples were one generation from the wild (Figure 3) . The relationship between frequency of heteroplasmy and age of the stock is significant (Figure 3 ) for our seven samples plus the Hale and Singh (1991) data. This relationship remains significant if only one of our 3-year old samples is used. These data suggest that lines maintained in small cultures in the lab may accumulate heteroplasmy for mtDNA length mutations.
Discussion
Our analyses of 194 female lines of D. melanogaster from around the world show that mtDNA length variation is significantly reduced in North American samples relative to Old World samples. Our results further show that the overall levels of mtDNA size variation and heteroplasmy are significantly lower than those reported in an earlier worldwide study using lines that had been in laboratory culture for a number of years (see Table 1 and Hale and Singh, 1991) . However, both studies show a strong skew to the distribution of length variants in natural populations (Figure 2 ), a pattern that is common in mitochondrial VNTR systems (Rand, 1993; Lunt et al, 1998) . What are the causes of these skewed distributions?
One explanation for the skewed distribution is an equilibrium between insertion mutations that stochastically increase mitochondrial genome size, and selection for smaller, faster replicating genomes (Rand, 1993 (Rand, , 2001 Selosse et al, 2001) . While a mutation-selection balance may account for the skewed distribution, for this explanation to underlie the geographic variation in the skew, selection would have to be acting differently in Eastern and Western Hemispheres. Available evidence suggests that mtDNA length variants are neutral at the level of the individual: there is no association between mtDNA length variants and growth rate in bivalves (Zouros et al, 1992) , and mtDNA length variants behave as neutral markers in experimental populations of Drosophila (D Rand, unpublished observations). While differences in the intracellular replication rates of length variants could be attributed to population differentiation in nuclear genes regulating mtDNA replication, without direct evidence for this, such a speculation is difficult to credibly evaluate (eg, Feder and Hofmann, 1999) .
Another explanation for the strong skew of these distributions toward smaller mitochondrial genomes is a length-biased model of neutral mutations. Consider a variable number of tandem repeats (VNTR) model assuming a minimum size of a, and a maximum size of O. Further assume that the indel rate is proportional to the number of tandem repeats, and mutations are equally likely to be insertions or deletions. Counterintuitively, this model produces a strong skew toward smaller lengths, such that a sequence with i repeats will be represented with frequency
(see Appendix A, cf. Falush and Iwasa, 1999) . If long length classes were lost in the founder event associated with the colonization of North America, the difference in distributions between New and Old World could result from a different source pool of mutational templates from which to generate new variation.
Population structure for mtDNA length variation Whether the low frequency of larger mitochondrial genomes is due to mutational dynamics or selection, the biogeographic differences observed here seem to have retained a signal of the presumed founder event that occurred during the colonization of the new world. This is surprising since the high indel mutation rate of mitochondrial control region VNTRs should result in a rapid recovery of equilibrium. If we assume that D. melanogaster colonized North America 400-500 years ago and has 10 generations per year in the wild (Davíd and Capy, 1988; Powell, 1997) , then is B4000 generations sufficient time to regenerate the frequencies of the larger mtDNA that might have been lost in the founding populations? Tallying results from this study and that of Hale and Singh (1991) yields a proportion of mtDNAs shorter than 19.0 kb of 69%. Assume that a longer mtDNA size class had existed at an equilibrium (from Equation (1) with a ¼ 1 and O ¼ 2) of q 0 ¼ 33% in the source population that was reduced to a very low frequency in the colonization of North America. Have enough generations passed to restore this size class to its original frequency? An estimate of the indel rate in cricket mtDNA is 10 À4 -10
À3
per generation (Rand and Harrison, 1989) . In the absence of other data, we will assume that the rate is similar for mtDNA length variation in D. melanogaster. The time evolution of the frequency of an allele subject to reversible neutral mutation can be calculated as (Hartl and Clark, 1997) , where q t is the current frequency of genome sizes longer than 19.0 kb, we consider a mutation rate from the shorter size class to the longer size class of m ¼ 10
À4
, and a mutation rate to the smaller size class of n ¼ 2*10
, conservatively consistent with the data and consistent with Equation (1).
If the founder population in the New World had had no genomes at all of the larger sizes (q 0 ¼ 0), it would have taken only about 1200 generations to reach the current q ¼ 0.1. Migration, of course, would have accelerated this equilibration. Alleles of the long size class in the hypothetical founder population with an initial q 0 ¼ 0 would have climbed beyond the current frequency of 0.1 to q 4000 ¼ 0.23 after the expected B4000 generations. This discordance between observed and expected patterns of mtDNA length variation in North America may be due to an overestimation of the mutation rate in this model, or some selection for mtDNA length variation that has hindered the recovery of mtDNA length diversity in the founder populations.
Clearly, better estimates of indel mutation rates are needed to use this marker as a reliable population genetic tool. Coupled with better models of the mutational dynamics of mitochondrial control region VNTRs, these markers could provide a short time frame window Figure 3 Logistic regression of the probability of heteroplasmy versus number of years in the laboratory. The regression was performed on the presence/absence of heteroplasmy in 275 independently maintained lineages. The four points represent the proportion found to be heteroplasmic in lines derived from different locales. Zero years (one generation) in the laboratory: Fayetteville, North Carolina (45 lineages) and Seekonk, Massachusetts (100 lineages). Three years: Australia (9), China (10), Zimbabwe (9), and California (10). Five years: Connecticut (31). Nine years: Hale and Singh world sample (144). The logistic model is that log Pr{heteroplasmy}/(1ÀPr{heteroplasmy}) ¼ a þ bt, where t is the time in years. The model has a highly significant fit (w 2 ¼ 19.4, Po0.0001). The estimated intercept for the log odds, a, of a heteroplasmic versus homoplasmic lineage is -4.7 (significant, Po0.0001), and the estimated slope with years, b, is 0.34 (significant, P ¼ 0.0012). Although it does not incorporate as data the number of samples assayed from each locale, a linear regression on the data graphed (frequency of heteroplasmy in each of the eight locales above) is also significant (R 2 ¼ 0.81, Po0.001).
into the history of populations. They are the common source of mitochondrial genome size variation in many organisms (Boyce et al, 1989; Rand and Harrison, 1989) .
Mutation accumulation and germ-line aging in mtDNA Our samples of mtDNA length variants show significantly lower frequencies of long mtDNAs and heteroplasmic lines compared to an earlier study by Hale and Singh (1986) . The composition of the samples in these studies is similar in that several localities were surveyed from different continents. The sample sizes for each locality in the Hale and Singh (1986) study (n ¼ 5-12) tend to be lower than in our study (n ¼ 9-100), but Hale and Singh (1986) surveyed more localities. We only detected heteroplasmy in two samples with relatively large sample sizes (n ¼ 31 and 100). An important difference between our lines and those of Hale and Singh (1991) is the length of time that the flies had been in culture in the lab (see Table 1 and Figure 3 ). Long-term culture of Drosophila lines leads to a number of phenotypic changes (Sgro et al, 2000) , and to the accumulation of deleterious mutations and inbreeding depression (Bijlsma et al, 1999) . MtDNA point mutations and indels have been detected among mutation accumulation lines of C. elegans (Denver et al, 2000) . Moreover, there are a large number of nuclear genes regulating mitochondrial function (Grivell et al, 1999; Steinmetz et al, 2002 ) that may provide a large mutational target for deleterious effects related to mtDNA replication or turnover. The reduced effective population size of long-term culture could weaken selection against longer mtDNA variants. Similarly, the accumulation of deleterious mutations in genes coding for the machinery of mitochondrial biogenesis and maintenance results in a similar reduced purification of the mtDNA population within germ cell lineages. There is an extensive literature indicating that mtDNA mutations accumulate with age in somatic tissue (eg, Chinnery et al, 2002) . Relatively little is known about the population dynamics of mitochondria in the germ-line stem cells that give rise to each successive generation. The relatively high mutation rate for mtDNA length variants may provide an effective means of studying this phenomenon in mutation accumulation lines. As shown here, these mtDNA length variants can retain a signature of population structure into the recent evolutionary past. The unique evolutionary dynamics of mtDNA length variants provides a marker for the analysis of population genetic phenomena across multiple hierarchical levels (Rand, 2001) : within and between cell lineages as well as within and between geographic populations.
Here we use mathematical induction to show that an equilibrium skewed distribution described by Equation (1) in the text is a consequence of a variable number of tandem repeats (VNTR) model assuming a minimum size of a40, a maximum size of O, an indel rate proportional to the number of tandem repeats, and mutations that when permissible are equally likely to be insertions or deletions.
Let C j be the average count of genotypes of repeat number j, where j is a positive integer. Since insertion and deletion mutations from each size class are assumed to occur at a rate m times the number of repeats, the average counts in each size class change each 1/m generations as
At equilibrium, C j 0 ¼ C j , so that
Since a40, C 1 is a boundary and transitions from C 1 to C 0 are prohibited. From Equation (A2) for the case of j ¼ 1, then,
Substituting Equation (A3) into Equation (A2) for the case of j ¼ 2,
Similarly, substituting Equation (A4) into Equation (A2) for the case j ¼ 3,
a pattern is apparent. To prove that for all positive integers j, C n ¼ C 1 /j, we assume that for some positive integer k,
and show that when Equations (A6) and (A7) are true, it is also true that C kþ1 ¼ 1=ðk þ 1ÞC 1 From Equations A2, A6, and A7,
The result, C n ¼ C 1 /j, is demonstrated for the case j ¼ 1 by identity, and for integral values of j from two to four by Equations (A3-A5). It is demonstrated for all integers j 44 by the satisfaction of Equations (A6) and (A7) for the case j ¼ 4, and the proof of Equation (A8).
If there is a maximum number of repeats for a VNTR of O, beyond which the VNTR may not grow, the equilibrium frequency of size class i, P i , is then:
